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Abstract: The discovery of denitrifying anaerobic methane oxidation (DAMO) has not only 8 
improved our understanding of global methane and nitrogen cycles, but also provided new 9 
technology options for removal of nitrate from nitrate-contaminated water. Previous studies 10 
have demonstrated DAMO organisms could remove nitrate and nitrite from wastewater under 11 
strictly anaerobically conditions. In the study, we investigate the feasibility of nitrate removal 12 
from groundwater, which contains dissolved oxygen in addition to nitrate. A membrane 13 
biofilm reactor (MBfR), inoculated with DAMO co-culture, was capable of treating synthetic 14 
groundwater containing highly contaminated nitrate (50mg N/L) and oxygen (7~9 mg O2/L), 15 
with a maximum volumetric nitrate removal rate of 45 mg N/L-d. Accumulations of acetate 16 
and propionate were observed in some transient periods, indicating the possible involvement 17 
of acetate and propionate as intermediates in methane oxidation. The 16S rRNA gene 18 
amplicon sequencing revealed that Candidatus Methylomirabilis, a known bacterial DAMO 19 
organism able to couple nitrite reduction with anaerobic oxidation of methane (AOM), was 20 
the dominant population. No archaeal DAMO organisms that are capable of coupling nitrate 21 
to AOM were observed, however, considerable amount of denitrifiers were developed in this 22 
system. Based on known metabolisms of these microorganisms and a series of batch studies, 23 
it was assumed that methane was oxidized into volatile fatty acids (VFAs) under oxygen-24 
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limiting conditions, then the generated VFAs served as carbon sources for these heterotrophic 25 
denitrifiers to remove nitrate. This study offers a potential technology for nitrate removal 26 
from groundwater by DAMO process in MBfR.  27 
Keywords: membrane biofilm reactor; nitrate removal; micro-aerobic methane oxidation; 28 
denitrifying anaerobic methane oxidation (DAMO); anaerobic methane oxidation. 29 
1. Introduction 30 
Groundwater is one of the most important natural resources on Earth. It plays a very 31 
significant role in the supply of drinking water. For example, groundwater is the primary 32 
source of drinking water for 44% of the population in the United States (Hallam et al. 2004). 33 
In some developing particularly rural regions without access to tap water, it is the primary 34 
source of drinking water (Shen et al. 2015). However, the intensive use of nitrogen-35 
containing fertilizers in agriculture has resulted in the continuous release of nitrate to 36 
groundwater (Almasri 2007). Nitrate contamination in groundwater poses a serious threat to 37 
public health potentially causing methemoglobinemia or stomach cancer (Luo et al. 2014, 38 
Wolfe and Patz 2002), therefore making nitrate removal from groundwater important.  39 
Nitrate removal from groundwater can be achieved through physical (reverse osmosis or 40 
electrodialysis), chemical, chemical-physical (ion exchange) or biological methods (Rivett et 41 
al. 2008). Among them, biological denitrification has been recognized as one of the most 42 
efficient processes for nitrate removal from groundwater, which can take place in the aquifer 43 
(in situ bioremediation) or in above-ground reactors. In addition, the biological denitrification 44 
process is more suitable for large-scale applications compared to physical and chemical 45 
processes (Soares 2000). However, external organic carbon sources (e.g. ethanol or methanol) 46 
are generally added as electron donors for heterotrophic denitrification, which incurs 47 
significant cost to this process. It also potentially causes secondary pollution when dosed in 48 
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excess, for example promoting biofilm growth in water-distribution systems (Waki et al. 49 
2005). Methane has thus been proposed to be an alternative electron donor in place of 50 
methanol or ethanol, which is a much cheaper and easily available carbon source with a low 51 
solubility thus leaving no residual after usage. Methane-supported nitrate removal has been 52 
investigated previously in a few studies, mostly based on the aerobic methane oxidation 53 
coupled with denitrification under aerobic conditions (Costa et al. 2000, Eisentraeger et al. 54 
2001, F.Thalasso et al. 1997, Modin et al. 2008, 2010, Rhee and Fuhs 1978, Sun et al. 2013, 55 
Waki et al. 2005, Zhu et al. 2016). In such systems, oxygen and methane were simultaneously 56 
provided, where methane oxidation coupled with denitrification was the result of cooperative 57 
action by microorganisms, i.e. methanotrophic bacteria and denitrifying bacteria. 58 
Methanotrophs convert the assimilated carbon to soluble metabolite (such as citrate (Rhee 59 
and Fuhs 1978), methanol (K. and G. 1985), acetate (Costa et al. 2000),  which then serves as 60 
an carbon and energy sources for denitrifying bacteria to accomplish the denitrification 61 
process. Meanwhile, the co-existing methanotrophs are capable of utilizing oxygen 62 
preferentially within biofilm, thus creating an anoxic micro-environment for denitrifiers (Sun 63 
et al. 2013). 64 
Lately, the denitrifying anaerobic methane oxidation (DAMO) process, that capable of 65 
directly using methane as carbon source for denitrification under anaerobic condition, have 66 
been reported (Ettwig et al. 2010, Haroon et al. 2013, Raghoebarsing et al. 2006). This 67 
provided a new technology option for nitrate removal from groundwater or wastewater. Two 68 
key microorganisms have been discovered so far to facilitate the DAMO process. Ettwig et al. 69 
(2010) identified a novel bacterium, Candidatus ‘Methylomirabilis oxyfera’ belonging to the 70 
NC10 phylum, is able to reduce nitrite with methane as the electron donor (Reaction 1: 8NO2- 71 
+ 3CH4 + 8H+ → 4N2 + 3CO2 + 10H2O). Haroon et al. (2013) discovered a novel archaeon, 72 
Candidatus ‘Methanoperedens nitroreducens’ belonging to the ANME-2d cluster, which is 73 
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able to reduce nitrate to nitrite with methane as the electron donor (Reaction 2: 8NO3- + 2CH4 74 
→ 8NO2- + 2CO2 + 4H2O, named as DAMO archaea). The application of DAMO in 75 
wastewater treatment under anaerobic condition has been documented in several lab-scale 76 
studies (Cai et al. 2015, Shi et al. 2013, Xie et al. 2016), which simultaneously remove 77 
nitrate/nitrite and ammonium from wastewater. However, the DAMO process has not been 78 
studied for nitrate removal from groundwater, which contains not only nitrate but also a 79 
certain level of oxygen (a concentration of up to its saturation level (~9 mg/L) in shallow 80 
groundwater) (Datry et al. 2004, Schnobrich et al. 2007). Unless oxygen is removed through 81 
a pre-treatment step, the DAMO process could not proceed under strictly anaerobic 82 
conditions but more likely under aerobic conditions. The potential impact of this oxygen 83 
contamination on the microbial community is not known and has to be evaluated. 84 
The objective of this study is to explore the feasibility of nitrate removal from well-85 
oxygenated groundwater by involving the DAMO microorganisms in a membrane biofilm 86 
reactor (MBfR). To achieve this, a lab-scale MBfR was inoculated with a co-culture 87 
containing archaeal DAMO and bacterial DAMO, and fed with methane delivered through 88 
the hollow fibers and synthetic groundwater containing nitrate and oxygen. This MBfR 89 
design has previously been demonstrated to enable efficient removal of nitrate and 90 
ammonium from wastewater (Cai et al. 2015, Schnobrich et al. 2007, Shi et al. 2013, Xie et al. 91 
2016). To obtain biofilm growth on the hollow fibre membranes, the reactor was operated 92 
under strictly anaerobic conditions for 9 months (start-up phase) before being fed with 93 
synthetic groundwater containing nitrate and oxygen at various hydraulic retention time 94 
(HRT). The nitrate removal performance was continuously monitored. Batch tests were 95 
performed at the end of the operation to verify the reactions involved in the nitrate removal 96 
process. Furthermore, the microbial community was also analyzed using 16S rRNA gene 97 
amplicon sequencing and fluorescence in situ hybridization (FISH), the key microorganisms 98 
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involved in the nitrate removal process using methane as carbon source were disclosed. Our 99 
results herein are expected to help the development of a process for nitrate removal from 100 
groundwater using methane-based MBfR system.  101 
2. Materials and methods 102 
2.1. Experimental setup 103 
A laboratory-scale MBfR with a working volume of 800 mL (200 mm in height and 80 mm 104 
in internal diameter) was set up to remove nitrate by delivering methane as a sole carbon 105 
source through hollow fiber membranes (Fig. S1, Supporting Information). Eight bundles of 106 
composite hollow fiber membranes (200 µm of inner diameter and 300 µm of outer diameter) 107 
were fixed into the reactor. Each bundle consisted of 64 fibers with a length of 300 mm. In 108 
total 512 fibers inside the reactor gave a membrane surface area of 0.145 m2 and accordingly 109 
a membrane surface/reactor volume ratio of 181 m2/m3 (Table S1). Each bundle of hollow 110 
fibers has an U-shaped bent and the end was connected to a gas cylinder (95% CH4 and 5% 111 
CO2, Coregas, Australia). The gas pressure in lumen of all hollow fibres was adjusted to 150 112 
kPa by a gas-pressure regulator (Ross Brown, Australia) connected to the gas cylinder. An 113 
over-flow bottle was connected to the reactor to release effluent, the produced gases or the 114 
unutilised offgas. A magnetic stirrer (500 rpm, Labtek, Australia) was employed to provide 115 
mixing to the bulk medium in the MBfR system. To further improve hydraulic conditions, a 116 
peristaltic pump (Masterflex, USA) and Tygon E-Lab tubing (internal diameter 3.1 mm, 117 
Masterflex, Cole-Parmer) were used to recirculate the liquid, with their operation further 118 
described below. The pH in the reactor was kept between 7 and 8 by manual injecting 1 M 119 
HCl or 1 M NaOH solutions. The reactor was run in a temperature-controlled lab with the 120 
temperature maintained at 22 ± 2 oC. 121 
2.2. Inoculum and synthetic influent composition 122 
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The MBfR was seeded with 150 mL of inoculum taken from a parent DAMO/anammox 123 
reactor fed with nitrate, ammonium and methane (Haroon et al. 2013). At the time of 124 
inoculation, the parent reactor was operated with an average nitrate removal rate of ~25 mg 125 
N/L-d, where DAMO archaea, DAMO bacteria and anammox bacteria jointly dominated the 126 
culture.  127 
The composition of the synthetic influent was (g/L): KH2PO4 0.038, MgCl2.6H2O 0.008, 128 
CaCl2.2H2O 0.015, containing 50 mg N/L nitrate. The composition of microelement was 129 
(mg/L): FeSO4 1.085, ZnSO4.7H2O 0.034, CoCl2.6H2O 0.06, MnCl2.4H2O 0.25, 130 
CuSO4.5H2O 0.26, NiCl2.6H2O 0.047, H3BO4 0.007, NaWO4.2H2O 0.01, NaMoO4 0.048, 131 
SeO2 0.013) (Ettwig et al. 2009).  132 
2.3. MBfR operation 133 
The MBfR was operated for 457 days with two phases, namely the start-up phase (Phase I, 134 
272 days) and operational phase (Phase II, 185 days), as shown in Table S2. In Phase I, in 135 
order to enrich biomass and achieve biomass attachment on the hollow fibers membranes, the 136 
reactor was maintained at anaerobic condition similar to the parent reactor. Nitrate was 137 
provided into the reactor via manual addition of a concentrated stock nitrate solution, with 138 
each addition giving an initial concentration of 40-140 mg NO3--N/L. In Phase II, the influent 139 
(with a constant nitrate concentration of ~50 mg N/L) was continuously fed to the MBfR with 140 
a peristaltic pump (Watson-Marlow). The influent flow rate was increased stepwise, resulting 141 
in a reducing HRT from 5 to 0.7 d. In order to mimic groundwater, the influent was not 142 
flushed with nitrogen gas to remove dissolved oxygen (DO). The DO concentration in 143 
influent was approximately 7-9 mg/L.  During Phase II, the recirculation system was started 144 
from day 320, which delivered an external recirculation with the flow rate of 100 mL/min.  145 
Effluent samples were taken daily from the over-flow bottle (Fig. S1) to monitor the nitrate, 146 
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nitrite and ammonium concentrations. In addition, possible intermediates from methane 147 
oxidation under oxygen-limiting conditions were regularly monitored (2-3 samples per week) 148 
during the entire experimental period. Gas samples in the reactor headspace were taken by 149 
using a gas-tight glass syringe (SGE, Australia) for detecting the amount of methane in 150 
gaseous phase; liquid samples were also taken to measure the amount of dissolved methane in 151 
liquid phase. The pH value and the DO concentration were continuously monitored with a pH 152 
meter (Oakton, Australia) and a DO meter (Hach, Australia ), respectively. 153 
2.4. Batch tests for mass balance  154 
Batch tests were conducted to investigate potential reactions in the MBfR to measure nitrate 155 
and methane consumptions and possible accumulation of reaction intermediates at the end of 156 
Phase II. At this phase, the biomass was mostly growing on the membrane surfaces and 157 
firmly attaching to them, the suspended biomass in the medium was negligible. To measure 158 
the methane consumption, the reactor was disconnected from the gas cylinder to stop 159 
methane supply. Freshly prepared medium was sparged with methane gas (95% methane and 160 
5% carbon dioxide) for 30 min at a flow rate of 600 mL/min, which ensured that the medium 161 
was saturated with methane (~21 mg/L). Then the liquid phase of the MBfR was replaced and 162 
filled with this methane saturated liquid medium. Batch A was conducted for 12 h to verify if 163 
anaerobic denitrifying anaerobic methane oxidation was still present in the MBfR under 164 
anaerobic condition (no oxygen was provided). Seven gas and seven liquid samples were 165 
taken over this period to monitor methane and nitrate consumption, respectively. Batch B was 166 
operated for 12 h in order to verify methane partial oxidation under oxygen-limiting 167 
conditions. Limited oxygen was provided with a rate of 0.5 mg O2/L-h for 12h through an 168 
oxygen-permeate tube (Tygon E-Lab tubing, internal diameter 3.1 mm, Masterflex, Cole-169 
Parmer). The methane conversion and possible accumulation of reaction intermediates were 170 
monitored under nitrate-absent and oxygen-limiting conditions, with seven gas and seven 171 
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liquid samples collected over this period. Following the completion of Batch B, Batch C was 172 
immediately conducted to verify if heterotrophic denitrification was preceded by using 173 
intermediates from methane oxidation generated from Batch B. At the end of batch B and 174 
before batch C, pure dinitrogen gas was flushed into the reactor from 30 min to strip-out the 175 
residual methane in the system (confirmed by methane measurement). Then a nitrate stock 176 
solution was manually injected to get an initial concentration of 25 mg NO3--N/L, and the 177 
nitrate reduction was monitored by taking seven liquid samples for analysis of nitrate and 178 
nitrite during a period of 3 h.  179 
2.5. Chemical analyses 180 
The concentrations of nitrate, nitrite and ammonium were measured using a Lachat 181 
QuickChem8000 Flow Injection Analyzer (Lachat Instrument, Milwaukee, WI). VFAs were 182 
determined using a gas chromatography (7890A, Agilent Technologies) equipped by a polar 183 
capillary column (DB-FFAP) and a flame ionisation detector (FID) with 10 v/v% formic acid 184 
as the internal standard. The methane in gaseous phase was analysed on a gas chromatograph 185 
(Shimazu, Japan) equipped with a Porapak Q column and a thermal conductivity detector 186 
(TCD). The dissolved methane in liquid phase was measured on an Agilent 7890A gas 187 
chromatograph equipped with a Supelco 6 feet * 1/8-in stainless steel packed column 188 
(HayeSep Q 80/100) and an FID detector.  189 
2.6. DNA extraction and 16S rRNA gene sequencing 190 
In addition to the inoculum, biofilm samples were also collected on day 271 and day 457 191 
when the MBfR achieved stable nitrate removal in Phases I and II, respectively. According to 192 
the manufacturer’s instructions, genomic DNA of the biomass samples was extracted using 193 
the FastDNA SPIN for Soil kit (MP Biomedicals, USA). The DNA concentration was 194 
quantified by NanoDrop2000 (Thermo Fisher Scientific, Wilmington, DE, USA). A universal 195 
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primer set 926F (5’-AAACTYAAAKGAATTGACGG-3’) and 1392R (5’-196 
ACGGGCGGTGTGTRC-3’) was used to amplify the 16S rRNA gene. PCR products were 197 
purified and quantified using a QIAquick PCR Purification Kit (Qiagen) and a Quant-iT 198 
dsDNA HS assay kit (Invitrogen), respectively. Samples were submitted to Australian Centre 199 
for Ecogenomics (Brisbane, Australia), and were sequenced on an Illumina Miseq platform 200 
(Illumina, USA) according to the manufacturer’s protocol.  201 
Raw sequencing data were de-multiplexed with Trimmomatic, and chimeric sequences were 202 
trimmed and removed. After the above quality control process, a total number of 197,690 203 
qualified sequences were obtained. Afterwards, high-quality sequences of 97% similarity 204 
were clustered into operational taxonomic units (OTUs) by QIIME with default settings, and 205 
then taxonomically aligned against Greengenes 16S rRNA database (DeSantis et al. 2006). 206 
The taxonomic classification and OTU representative sequences were output in an OTU table. 207 
2.7. Fluorescence in situ hybridization (FISH) 208 
The inoculum, anaerobic biofilm (day 271) and micro-aerobic biofilm (day 457) were 209 
collected, fixed, hybridized, and visualized according to the previous method (Ettwig et al. 210 
2008). The specific probes used for hybridization were as follows: S-*-Darc-872-a-A-18 (5’-211 
GGCTCCACCCGTTGTAGT-3’) for DAMO archaea, S-*-NC10-1162-a-A-18 (5’-212 
GCCTTCCTCCAGCTTGACGCTG-3’) for DAMO bacteria, and S-*-Amx-820-a-A-18 (5’-213 
AAAACCCCTCTACTTAGTGCCC-3’) for anammox bacteria.  214 
3. Results 215 
3.1. Enriching DAMO biofilm under anaerobic condition 216 
Phase I aimed to grow DAMO biofilm onto the surface of the hollow fiber membranes by 217 
inoculating a suspended DAMO/anammox culture and providing nitrate and methane to the 218 
MBfR. It was found that nitrate was reduced, with a removal rate fluctuating between 0.6 and 219 
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10.4 mg N/L-d (Fig. 1). After 271 days of enrichment, a layer of biofilm was observed on the 220 
membrane surface, and the nitrate removal rate was steady at 3.1-4.4 mg N/L-d. This nitrate 221 
removal rate was lower than that in the parent reactor with suspended culture (~25 mg N/L-d). 222 
A possible reason is the washout of anammox bacteria in the absence of ammonium (see 3.3 223 
for the microbial data). The existence of anammox bacteria can rapidly utilize the nitrite 224 
produced from nitrate reduction by DAMO archaea. It has been observed previously that the 225 
anammox reaction stimulated the activity of DAMO archaea through a synergistic 226 
relationship (Haroon et al. 2013, Hu et al. 2015). Interestingly, the nitrate removal rate 227 
substantially increased during days 111-147, with a maximal rate of 10.4 mg N/L-d, due to an 228 
accidental introduction of oxygen into the reactor (the top cap of the reactor was accidently 229 
loosened for one week, resulting in oxygen ingress). This suggested that the introduction of 230 
oxygen might enhance the nitrate reduction ability of the enriched DAMO microorganisms. 231 
3.2. Achieving stable nitrate removal under oxygen-limiting conditions 232 
In Phase II, synthetic groundwater containing 50 mg N/L nitrate and 7-9 mg/L DO was 233 
continuously fed in the MBfR. Fig. 2 shows variations of nitrate concentration and its 234 
removal efficiency at varied HRTs under oxygen-limiting conditions. Although oxygen was 235 
supplied through feed (from day 272) and likely through the external recirculation system as 236 
well (from day 320), DO concentration in the MBfR was always lower than the detection 237 
limit of the DO probe (i.e. 0.01 mg/L, Hach LDO101 probe & HQ30d meter), suggesting a 238 
rapid consumption of oxygen consumed by the biofilm in the system. With a nitrate 239 
concentration of around 50 mg N/L in the feed, the oxygen ingress did not incur any negative 240 
effects on the nitrate removal ability of the MBfR. The nitrate fed was completely removed 241 
with an HRT of 5 d, giving rise to a nitrate removal rate of 9.0 ± 1.1 mg N/L-d, significantly 242 
higher than the rate achieved at the end of Phase I. The effluent nitrate concentration 243 
gradually increased to 18.2 mg N/L (nitrate removal efficiency of 64.1%) when the HRT was 244 
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reduced to 3 d. In order to improve the hydraulic condition, a recirculation pump was 245 
employed to recycle the liquor in the MBfR from day 320. Afterwards, the influent nitrate (at 246 
50 mg N/L) was found to be completely removed even with an HRT 1 d. However, when the 247 
HRT was further reduced to 0.7 d, the nitrate concentration in the effluent increased to 26.8 248 
mg N/L, which made the nitrate removal efficiency drop to 46.2%. When the HRT was 249 
restored to 1 d, the MBfR achieved a nitrate removal efficiency of above 80% and an effluent 250 
nitrate concentration of below 10 mg N/L. The effluent nitrate could meet the groundwater 251 
standard (≤ 10mg N/L) set by the US Environmental Protection Agency (Doudrick et al. 252 
2013). 253 
There was no nitrite accumulation in the MBfR through the entire experimental period, which 254 
indicated that the produced nitrite was instantaneously reduced. In addition, DO in the MBfR 255 
remained below the detection level during the entire Phase II, resulting in a quasi-anaerobic 256 
condition (named as oxygen-limiting condition in this study). There was no accumulation of 257 
VFA or methanol in the reactor when HRT was 5 d. However, when HRT was decreased 258 
from 5 d to 3 d, VFAs comprising mainly acetate (~80%) and propionate (~10%) were 259 
detected, with concentrations reaching a maximum of 16.1 mg acetate-C/L (Fig. 3). The 260 
accumulation of VFA at HRT of 3 d could be caused by an VFA production exceeding its 261 
consumption rate by denitrification. The residual VFAs in the reactor gradually declined to 262 
undetectable levels when the HRT was further reduced from 3 d to 0.7 d, possibly due to its 263 
ongoing consumption by denitrification as carbon sources.  264 
3.3. Possible reactions based on batch test results  265 
In order to elucidate nitrate reduction and methane partial oxidation under oxygen-limiting 266 
conditions, batch tests were conducted at the end of Phase II (Fig. 4). When the oxygen 267 
supply was absent in Batch A (i.e. strictly anaerobic condition by flushing nitrogen gas 268 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
12 
 
through the reactor), neither methane oxidation nor nitrate reduction could proceed (Fig. 4a), 269 
indicating no nitrate-dependent DAMO process occurred. In contrast, methane was partially 270 
oxidized into VFAs in Batch B when limited oxygen (0.5 mg O2/L-h for 12h) was introduced 271 
into the batch reactor, indicating oxygen might be a triggering factor for methane oxidation to 272 
VFAs. VFAs accumulated in the reactor in the absence of nitrate (Fig. 4b). Once nitrate was 273 
manually dosed into the reactor in Batch C, the denitrification process occurred immediately. 274 
Nitrate was primarily reduced to nitrite (72.3%) in the first 1.5 h, resulting in an acetate to 275 
nitrate molar ratio of 0.68. Then, nitrite was further reduced, giving an acetate to nitrite molar 276 
ratio of 0.70 in the following 1.5 h (Fig. 4c).  277 
3.4. Microbial community shift induced by anaerobic or oxygen-limiting conditions 278 
Both FISH and 16S rRNA gene amplicon sequencing were conducted to characterize the 279 
microbial community structure of the inoculum (Day 0), anaerobic biofilm (Day 271) and 280 
oxygen-limiting biofilm (Day 457). FISH results show that the inoculum was predominated 281 
by M. nitroreducens (an archaeal DAMO), M. oxyfera (a bacterial DAMO) and anammox 282 
bacteria (Fig. S2a). Without being provided with ammonium in influent, the anammox 283 
population gradually disappeared in anaerobic or oxygen-limiting biofilm. In terms of 284 
DAMO populations, M. nitroreducens dominated over M. oxyfera under anaerobic condition 285 
(Day 271, Fig. S2b), while M. oxyfera became the only dominating group under oxygen-286 
limiting conditions with M. nitroreducens no longer detectable (Day 457, Fig. S2c). 287 
The shift of microbial community structure at phylum and genus-levels under anaerobic and 288 
oxygen-limiting conditions are shown in Figs. 5a and b, respectively. At phylum level (Fig. 289 
5a), both Euryarchaeota (32.9%) and Planctomycetes (32.7%) contributed significantly to the 290 
overall microbial community of the inoculum. After 271 days enrichment under anaerobic 291 
condition in Phase I, Chloroflexi (22.8%), Proteobacteria (14.7%) and Euryarchaeota (13.9%) 292 
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became the three most abundant phyla in the MBfR biofilm, while after 186 days operation 293 
under oxygen-limiting conditions in Phase II, Proteobacteria (31.7%) and NC10 (12.5%) 294 
were more abundant than other phyla. The abundance of Proteobacteria and NC10 increased, 295 
whereas Euryarchaeota and Planctomycetes dropped to nearly undetectable levels after 296 
oxygen-limiting operation, suggesting that the introduction of oxygen caused a shift of 297 
microbial community within the biofilm. 298 
At genus level (Fig. 5b), Candidatus Methanoperedens, Phycisphaerales unclassified and 299 
Candidatus Methylomirabilis were dominating members of the community in inoculum, 300 
accounting for 70.8% of the total microbial sequences. After 271 days of anaerobic 301 
enrichment, the dominant genera changed to envOPS12 unclassified, Candidatus 302 
Methanoperedens, Phycisphaerales unclassified and Ignavibacteriaceae unclassified, 303 
accounting for 46.6% of the total microbial sequences in the biofilm. However, under 304 
oxygen-limiting conditions, Candidatus Methanoperedens (the archaeal DAMO) and 305 
Phycisphaerales unclassified in the inoculum completely disappeared, indicating a 306 
detrimental effect of oxygen exposure on these phylotypes. In contrast, several new genera 307 
appeared in the biofilm, including Comamonas, Lysobacter, Ferruginibacter and Azoarcus. It 308 
is worth noting that Candidatus Methylomirabilis was the second most abundant genus and 309 
became the only known methane-related microbe under the steady state of Phase II, account 310 
for 12.5% of the total sequences (from 1.3% under anaerobic condition in Phase I). In 311 
addition, the abundance of Candidatus Kuenenia (anammox bacteria) decreased from 3.1% 312 
(inoculum) to undetectable levels (Phase II).  313 
4. Discussion 314 
4.1. Methane-supported nitrate removal from groundwater in an MBfR 315 
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Although nitrate removal by aerobic methane oxidation has been investigated in previous 316 
laboratory studies (Modin et al. 2007), application of DAMO to nitrate removal from 317 
groundwater has not been verified so far. This study demonstrated that methane could support 318 
nitrate removal from groundwater in the MBfR. A total nitrate removal rate of 45 mg/L-d was 319 
achieved in this work. Compared to the reported rates (in the range from 24 to 260 mg N/L-d) 320 
using the aerobic methane oxidation process (Modin et al. 2007, Sun et al. 2013), nitrogen 321 
removal rate achieved in this work is at the median level. The methane-supported nitrate 322 
removal in this work provides lower rates than the typical denitrification rate with methanol 323 
as the carbon source (typical values of 500 mg N/L-d) (Metcalf and Eddy 2003), or with 324 
wastewater as the carbon source (typical values of 60~200 mg N/L-d) (Modin et al. 2007). 325 
The proposed technology could potentially be further optimized to increase nitrogen removal 326 
rate to match practical applications. The supply of oxygen to the microorganisms appears to 327 
be an important factor for the denitrification rate, thus the control of oxygen supply to further 328 
enhance the denitrification rate should be assessed in future studies. Through further 329 
optimization, methane-supported denitrification under oxygen limiting condition could 330 
become a promising technology for the remediation of nitrate-contaminated groundwater. 331 
The methane-supported nitrate removal process developed in this work has advantages over 332 
several other technologies. Firstly, in comparison with soluble organic carbon (e.g. methanol) 333 
or hydrogen, methane is an inexpensive electron donor and is widely available. Also, it can 334 
be produced from renewable sources such as wastewater (Modin et al. 2007). Based on the 335 
theoretically optimal ratio of carbon to nitrogen, the cost for methane and for methanol to 336 
support denitrification is estimated to be $0.50 and $0.80 per kg NO3--N removed (Modin et 337 
al. 2007). Secondly, the addition of a soluble carbon source could leave residual organic 338 
matters in effluent, which is detrimental for water quality. In comparison, methane is much 339 
less soluble and will not remain in the treated effluent (Eisentraeger et al. 2001). Furthermore, 340 
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in previous studies on aerobic methane oxidation coupled to denitrification, the widely used 341 
method is to mix methane and oxygen, by either sparking them into the liquid or supplying 342 
both from the membrane lumen (Modin et al. 2008). Such flammable gaseous mixture poses 343 
a safety hazard potentially hindering the application of the process (Sun et al. 2013). This 344 
study used the MBfR system, with methane provided through hollow fiber membranes, but 345 
oxygen supplied into liquid separately through feeding. This strategy avoids the potential 346 
safety hazard associated with the provision of two kinds of reacting gases (Zhu et al. 2016). 347 
In addition, as revealed in previous studies (Cai et al. 2015, Shi et al. 2013), a major 348 
bottleneck for methane-supported denitrification is associated with the low methane solubility 349 
(approximately 22.7 mg/L, under 20 oC and 101.3 kPa (Mackay and Shiu 1981)). The MBfR 350 
configuration allows a higher mass transfer rate via delivering gaseous substrates directly to 351 
microbes and prevents their loss into the effluent, thus enhancing gas utilization and energy 352 
efficiency (Martin and Nerenberg 2012, Modin et al. 2010).  353 
4.2. Possible mechanisms for nitrate removal in the MBfR 354 
The nitrate removal in the methane-based MBfR seems to be achieved via a partnership 355 
between multiple organisms. Based on the results of Batch A, neither methane oxidation nor 356 
nitrate reduction could proceed under strictly anaerobic condition, suggesting that nitrate 357 
reduction was not directly coupled to methane oxidation. Both FISH and 16S rRNA gene 358 
sequencing analyses also confirmed no DAMO archaea known to be able to anaerobically 359 
oxidise methane could be detected in Phase II, which supports the process data. Conversely, 360 
nitrate reduction was more likely coupled to oxidation of intermediates of methane oxidation. 361 
In both Batch Tests B and C, denitrification proceeded immediately in the presence of VFAs 362 
under oxygen-limiting conditions.  363 
The VFA production was likely through aerobic methane oxidation, although the 364 
organisms responsible for this reaction could not be identified. It could be by unknown 365 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16 
 
aerobic methanotrophs or by Candidatus Methylomirabilis (DAMO bacteria). In aerobic 366 
methanotrophs, methane oxidation proceeds through methanol, formaldehyde and formate to 367 
carbon dioxide (Trotsenko and Murrell 2008). The initial step of methane oxidation to 368 
methanol is carried out by the enzyme methane mono-oxygenase (MMO). Under oxygen-369 
sufficient conditions, the final step of methane oxidation is to oxidize formate into carbon 370 
dioxide. Recently, Kalyuzhnaya et al. (2013) revealed a methane fermentation pathway in an 371 
aerobic methanotrophic bacterium (Methylomicrobium alcaliphilum strain 20Z) under 372 
oxygen-limiting conditions, leading to the formation of formate, acetate, succinate and lactate 373 
as end products by fermenting methane-derived formaldehyde. Based on the current 374 
knowledge, Candidatus Methylomirabilis can mediate methane oxidation via a classical 375 
aerobic methane oxidation pathway (Ettwig et al. 2010). Specifically, Candidatus 376 
Methylomirabilis has a unique ability to produce intracellular O2 by the disproportionation of 377 
nitric oxide formed in nitrite reduction. O2 thus generated is used for activating and oxidizing 378 
methane in the strictly O2-dependent reaction mediated by pMMO enzyme (Ettwig et al. 379 
2010a, Wu et al. 2011). It is suspected that Candidatus Methylomirabilis might adopt the 380 
same pathway with M. alcaliphilum for the VFA production, which warrant further studies in 381 
the future. 382 
     However, Candidatus Methylomirabilis is not able to reduce nitrate to nitrite due to the 383 
lack of nitrate reductase genes (Ettwig et al. 2010). Interestingly, some bacteria with nitrate 384 
respiration capacity were detected within the biofilm (e.g. Comamonas with an abundance of 385 
16.3% and Azoarcus of 2.5%) (Song et al. 2001, Xing et al. 2010). These bacteria are known 386 
as heterotrophic denitrifiers, which require organic carbon (such as methanol or acetate) to 387 
complete the nitrate reduction reaction. Considering methane was the only organic carbon 388 
source fed to this reactor, we assumed methane was oxidized to VFAs under oxygen-limiting 389 
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condition. The VFAs thus generated possibly served as electron donors for heterotrophic 390 
denitrifiers to remove nitrate. 391 
5. Conclusions 392 
The results presented in this study experimentally demonstrated that a membrane biofilm 393 
reactor, inoculated with DAMO co-culture, could successfully remove nitrate from the well-394 
oxygenated groundwater by using methane as the carbon source. The main outcomes were: 395 
• A maximum volumetric nitrate removal rate of 45 mg N/L-d was achieved, and 396 
synthetic groundwater contaminated with nitrate could be treated to discharge limits 397 
(TN < 10 mg/L). 398 
• Acetate and propionate as intermediates were observed in the system, their maximum 399 
concentration were 16.1 mg acetate-C/L and 2.5 mg propionate-C/L.  400 
• The 16S rRNA gene sequencing showed that DAMO bacteria (Candidatus 401 
Methylomirabilis) and heterotrophic denitrifiers (Comamonas and Azoarcus) were 402 
dominant genera in the biofilm. We assumed that under oxygen-limiting conditions 403 
methane was oxidized into VFAs, which were electron donors for heterotrophic 404 
denitrifiers to remove nitrate. 405 
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Fig. 1 Operation performance during the starting-up period in Phase I. (a) Nitrate and nitrite 
concentrations, and (b) nitrate removal rate (rNitrate) at anaerobic biofilm enrichment phase. Sudden 
increases in nitrate concentration indicate its periodical dosing to the reactor. 
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Fig. 2 Nitrate removal performance under varied HRTs under oxygen-limiting conditions: (a) 
effluent nitrogen species and nitrate removal percentage, and (b) nitrate loading rate (NLR) 
and nitrate removal rate (NRR). 
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Fig. 3 Changes of residual volatile fatty acids produced in the effluent under varied HRTs 
under oxygen-limiting conditions. 
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Fig. 4 Mass evolution during mass balance-batch test processes: (a) denitrifying anaerobic 
methane oxidation, (b) methane partial oxidation under oxygen-limiting conditions, and (c) 
heterotrophic denitrification. 
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Fig. 5 Relative abundances of microbial community at anaerobic and oxygen-limiting 
conditions compared to the inoculum: (a) phylum, and (b) genus. The relative abundance is 
defined as a percentage in total microbial sequences in a sample. Phyla or genera that account 
for ≥ 1% of at least one 16S rRNA gene sequence are shown, while phyla or genera with an 
abundance of less than 1% in all sequences are grouped into Others. 
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Highlights 
• Nitrate removal from oxygenated groundwater by DAMO organisms was achieved in 
MBfR. 
• Acetate and propionate as intermediates were observed in the MBfR. 
• DAMO bacteria and heterotrophic denitrifiers were dominant microbes in the biofilm. 
• Methane was oxidized into VFAs, which were electron donors for heterotrophic 
denitrification.   
                                                                                                                                                                                                                                                          
